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Abstract 

Based on observational facts and a variety of theoretical arguments we discuss in this work the possibility 
that pulsars in Low-Mass Binary Pulsar systems could be strange stars rather than neutron stars. It is shown 
that, although subject to reasonable uncertainties, the consideration of the physics of the SQM core and 
thin normal crusts leads to the prediction of several observed features of the magnetic field history of these 
systems whitin this working hypothesis. 
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1. INTRODUCTION 



Low-Mass Binary Pulsars (hereafter LMBP) arc generally regarded as important to probe the effects of 
substantial accretion rates on the structure and evolution of pulsars (see, for example, [1] for a review). In 
particular, it has become increasingly clear that the magnetic fields B of isolated radio pulsars do not seem to 
decay on short timescales {rdecay ^ 10^ yr) as previously thought; while LMBP show strong evidence for B 
decay. Accretion has been recently argued [2] to be involved in the very formation of at least one particular 
system {PSR1831 — 00) and possibly all the pulsars in these systems by triggering an accretion-induced 
collapse (AIC) of a progenitor white dwarf; thus avoiding problems with formation in a type II supernova 
explosion [3]. 

On the other hand, it has long been speculated that, at least some pulsars (if not all [4-6]) must be 
strange stars if the strange matter (SQM) conjecture [4,7] is true; in the sense that hadronic matter is a 
metastable state decaying into a cold uds plasma (with a net gain of energy) under favorable conditions. 

Which exactly are these "favorable conditions" is a matter of some controversy. While the idea of a mixed 
(neutron + strange) population has been implicit in the literature, there is actually a fine-tunning problem 
to be explained, namely why a metastable state such as neutron matter can outlive a huge macroscopic 
time without decaying (we have argued elsewhere that the "natural" conversion is driven by the Kelvin- 
Helmholtz timescale ^ 1 s after the formation of a protoneutron star [8]). On the other hand, it has been 
argued on observational grounds [9] that field radio pulsars can not be identified with strange stars; a strong 
conclusion that prompted refined calculations of "classical" strange stars [10] and exotic pulsar models [11]. 
Nevertheless, it should be acknowledged that the widely-spread notion that a neutron star must be highly 
compressed to reach the neutron strange matter threshold at its center finds a natural setting in binary 
LMBP where AIC has formed the secondary before the end of the mass-transfer regime. 

The purpose of this work is to point out that the identification of pulsars in LMBP systems with 
strange stars may allow the construction of a consistent scenario for their magnetic, thermal and evolutionary 
histories. Moreover, the physical features for the model to work seem to emerge quite naturally from simple 
estimates within reasonable uncertainties. 

2. SCHEMATIC OVERVIEW OF A STRANGE STAR STRUCTURE AND EVOLUTION 

As is well-known, the structure of a strange star [5,10] consists of a dense degenerate SQM core 
sourrounded by a normal matter crust. Both the Baym-Pethick-Sutherland [12] equation of state (which is 
generally considered as an accurate description for this density regime) and the case of an accretion-generated 
crust [13] (which is probably more adequate for the system we are considering) can be parametrized by a 
polytropic expression P = K with sufficient accuracy. For the sake of the argument, we may properly 
describe the structure of this crust by integrating the hydrostatic equilibrium equation in the approximation 
M = constant (compare, for example, with [10]) and get 

where Rss is the strange core radius (~ star radius for R^s ^ 5R), Mgg is the mass of the strange star 
in the same approximation, pB is the density at the base of the normal crust and ^ ~ 0.65 is a relativistic 
correction. This approximate (yet accurate) expression for the this crust allows us to relate all the relevant 
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quantities to pb in a simple and useful way as will be explained below. We shall further assume that the 

crust forms on short timescales compared to the thermal evolution of the star. 

It is widely agreed that, due to the very features of the SQM core, the density of the normal matter at 
the base of the crust pB has to be limited by the neutron drip value po — 4.3 x 10^^ g cm~^. However, there 
is no obvious reason for the latter being the actual value, and any density lower than pD is, in principle, 
possible. In fact, the authors of Ref.[14] have argued that ~ po/ 5 is the maximum value allowed by 
considering the mechanical equilibrium of the crust. In the first case, the exact accretion history of the star 
would be irrelevant, since after the condition pB = Pd is achieved, the dripped neutrons would be swallowed 
by the SQM core and we will always deal with a maximal crust. On the other hand, if the limiting density 
is < PD, the mass of the crust 6M (< 10~^ Mq in this approximation) may depend on the history of the 
object (in the former case, the dominating isotope would be ^^^Kr, while in the latter we would find ^^Zn 
at the base of the crust). Fortunately, since F is near 4/3, the results will be quite insensitive to the actual 
value oi pb provided the crust is not extremely tiny. Keeping this in mind, we shall leave the scaling explicit 
to a fiducial value pq — lO^^.g cm~^ to allow for a range of possibilities. The maximal, neutron drip-limited 
case is obtained by setting p — 4.3/3o, Z 36, X = 0.3 below. 

The thermal and magnetic history of a strange star will be very different according to the actual state of 
the SQM core. It has been longly recognized [15,16] that it is entirely possible that the quark liquid forms a 
superconducting state. The first schematic model calculations of compact stars cooling with superconducting 
SQM cores [17] have been recently refined and improved [18], to confirm that dramatic effects due to quark 
pairing can completely alter the quick-cooling signature of strange stars (see, for example, [19]). Since the 
critical temperature for pairing to occurr is very high in these models (Tc ~ 0.1 MeV, see [15,16]); we can 
neglect the very short time after the AIC formation event in which the SQM core remains in the normal 
state. Once it becomes superconducting the magnetic field B should obey the diffusion equation 

where D = (? /A-k agqm is the diffusion coefficient. Acording to Refs.[20], the SQM conductivity a sqm can 
be expressed as 

10- (a.T,j [^^) s-^ (3) 

where ac is the strong coupling constant, Tg = K is the internal temperature and p, is the quark 

chemical potential. The consequence of such a conductivity is immediately clear: unless the estimate (valid 
for normal SQM) happens to be wrong by many orders of magnitude, the magnetic flux is expulsed in 
a timescale as short as Tgxp — B? / D ~ 3 x 10"^ 2/r(/x/300 MeF)®/'^ (ac^g)"^^^; an astronomically small 
value [21]. Now, the conservation of the expulsed fiux demands that the final value of the normal crust 
grows by a factor B^rust _ B''°^^{R/SR) but, because of elastic stresses in the crust can not support 
magnetic stresses, the must be limited [22] by B^^f = {8'KpQ6R/R)^^'^, where p is the lattice 

shear modulus and O ~ 10~^ is the shear angle. If we impose p ^ 10^® dyn cm~'^ for the former at 
p = Pn then ~ 8 x 10^^ G, which is the initial value expected for the field in a young BP (see 

below). Because its limited resistance, the crust would be blown off if the initial exceeds the threshold 

^core = 8 X IQii G {SR/R) ~ 10^° G. We suggest that we may in fact be observing those LMBP in which 
the initial B""^^ (for which we do not have any reliable information at all) remained lower than B^ore jg 
remarkable that none of the 24 known systems posesses a B larger than the expected in the model. 
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3. FURTHER EVOLUTION OF THE MAGNETIC FIELD 



Duo to ohmic currents the field, now totally confined to the crust if a small skin depth is neglected, 
should proceed to decay according to 

«^ ilvxr^Vx^V (4) 



dt 

The solutions which arc relevant to our problem arc those satisfying B = immediately above p ~ ps] 
in agreement with the complete core flux expulsion expectation. Furthermore, since as discussed above, 
strange stars with crust satisfy the condition SR/R <C 1, we may properly use the "thin crust approximation" 
[23] to obtain the decay timescale of the longest-lived dipole mode 



27r r i^i?L r-i ... 



where a crust is the average of the electrical conductivity over the crust. Since the conductivity will be 
dominated by the densest matter [23] , an upper limit is set by replacing the average of the conductivity by 
its value at the drip point (that is a crust = (^crust{p = Pb)) hereafter. 

As in most field decay models by ohmic dissipation, it is the value of acmst which controls the behavior 
of Td- At the higher temperatures acrust is dominated by the Umklapp processes [24,25] and reads 



au = 1.43 X 10^1 f^V" ) T^^s-' , (6) 



^po) V0.375j "9 

where the fraction of protons per nucleus X has been scaled to its expected value at po and Tg = K 
identified with the (isothermal) core temperature. Below a freezeout temperature Tp the Umklapp processes 
are frozen and the conductivity is dominated by the impurity concentration Q. This Tp can be expressed as 

T..1.3x10'(^)"=(|)"(^)k, (7) 

where Z is the charge of the dominant isotope ^°Zn at po. Below this temperature the dominant conductivity 
due to impurity concentration takes the form [25] 



VPS 0.375/ V30, 

where Q > 10~^ is the mean square deviation of A from its average [26] (it can be readily checked that, 
unless Q is unexpectedly large, a/ does not dominate au for temperatures T > Tp and we shall dismiss this 
possibility in the remaining of this work). 

An important difference between these regimes is that while au oc T~^, ai does not depend on the 
temperature. The crust field decay is therefore different for T > Tp than for T < Tp. In the first case the 
decay proceeds according to [23] 

'(i) = * exp (- f ^\ , (9) 



r(i') 



where 
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depends on time through the temperature T. In the second case, the decay is a simple exponential 

= B|r««* exp(-VT/) , (11) 
with B^rust ^j^g value of the field at the end of the first regime and the time constant is 

Ti = 2 X 10^ (i?/10 fcm)^ (X/0.375)5/^ x {p/pof-i {Z/30) {1/Q)yr , (12) 

which happens to be always > 10® yr for the expected parameters unless Q happens to be very high. 

A determination of the evolution of B'^™^* (t) for T > Tp requires the knowledge of the thermal history 

T{t). The important point here is that SQM superconductivity renders a plateau in the T vs. age curve 
[17,18] (which is absent in the case of a normal SQM core). The boldest approximation is to set T = constant 
for the plateau era and use the relationship between the surface temperature and core temperature given in 
Ref.[27]; namely T, ~ l(f{T/l(f Kf -^^ K (which has been argued to be valid for strange stars as well [28]) 
to yield the crust field at any time t < tpi 



r/crustfj.\ jDcrust „„„ 

-D (*) - ^max exp 



1 f t \ f<n>^'''- 



(13) 



7.2 yiO^yrJ \ 10^ K 

where < Tg > is the average of the surface temperature in the plateau era. Since, according to recent 
calculations [18], < Tg > ~ 2 x 10^ K, we conclude that the field should decay by a factor of > 10^ along 
the plateau era lasting few x 10^ yr. Using a more accurate fit to Ref.[18] results Tg = 10^'^ (yr/t)^'^^ K 
we find the refined estimate of the decay along this epoch 



fjcrust _ Tjcrust 

which leads to essentially identical conclusions. 



crust rycrust 



-1.45 



10^ yr 



(14) 



4. DISCUSSION 



Based on the results of the former section, it is tempting to suggest that a decay of the field by a factor 
of ~ 10^ in the first 10^ — 10^ yr is built-in by the physics of strange star crusts with superconducting SQM 
cores. The same line of reasoning shows that, unless the impurity concentration is very high (Q > 10^^), 
further decay of B'^'^^"* below iJ^T"** ~ 10^ G is inhibited and its value remains effectively frozen because 
of the larger value of the decay constant > 10® yr, again an effect controlled by the microphysics of the thin 
normal crust of a strange star. 

Prom the astrophysical point of view a model in which LMBPs form from a symbiotic system (~ 1 Mq 
low-mass giant -|- white dwarf) is attractive since the latter are abundant in the galaxy. According to the 
accepted scenario (see for example [29]), as the non-dcgcncratc star leaves the main sequence its radius 
increases until filling the critical lobe and mass transfer starts. Along this mass-transfer stage AIC of the 
white dwarf happens, and because of the ^ 0.1 M© energy loss, the binary temporarily detaches. When 
accretion resumes the collapse of the neutron star to a strange star should follow after the accretion of 
> 0.1 Mq from the companion, which is sufficient to drive the conversion by compression. The SS is born 
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hot but must cool very quickly below Tc, and therefore expulse the interior field as described (the latest 

work on quark pairing seems to suggest much larger gaps of ^ 100 MeV with potential important effects 
on the cooling which have not been explored as yet, sec for example [30]). After ^ few x 10^ yr this field 
would decay to the "bottom value" Bf""'* ~ 10^ G (eqs. 9-11). We suggest that systems like PSR 1718-19 
and PSR 1831-00 are quite young and their evolution downwards in the Bg — Porb plane (Fig. 1 of Ref. [2]) 
may be measurable. It is also important to note that spin periods in the millisecond range are possible for 
strange stars in LMBP [31], in agreement with observations; while they would be prohibited in the case of 
a neutron composition because of r-modc instability [32]. 

Our estimations above may be helpful for an interpretation of why we should expect the field to decay 
differently on two different timescales, a point not easily made for neutron star models where the much 
denser crust behaves differently and complete flux expulsion remains controversial. We finally remark that, 
at least in principle, the identification is also consistent with the lack of glitches and substantial timing noise 
of pulsars in LMBP systems (which is naturally expected from strange stars [33]); and explains the sharp 
contrast with isolated field radio pulsars B evolution, whose composition need not to be exotic because of 
formation arguments. 
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